I. INTRODUCTION
Water is known to behave differently in different environments especially with the influence of electric field. For example, in the presence of external fields, it is known that the course of water stream and the ice growth pattern change. 1 In recent years, the concept of water wire has attracted many scientists due to its importance in biology and nanomaterial science. 2 Although many recent papers have studied the effect of electric field on the collective phenomena of liquid water and large water clusters, 3 no studies have investigated the detailed structural and energetic changes of water clusters due to the electric field except for the work of Dykstra which was based on the ab initio derived potential. 4 Furthermore, no systematic quantum mechanical studies on the effect of the electric field on water clusters are available.
In addition, in recent years, electronic products such as computer, microwave, and wireless products play a big part in our life. Although these products make our life easier, better, and more efficient, the possible harmful radiation has been an important health issue. There have been some efforts in warning and regulating unknown harmfulness to the public. Thus, more scientific studies of the external field effects in biological systems, 5 large part of which consists of water, water clusters, and water films, are needed. In this regard, the electromagnetic effect on water clusters could be one of the relevant subjects in this investigation.
In this work, we report a detailed ab initio study on the geometries, energies, dipole moments, and transition states ͑TSs͒ of water clusters ͓͑H 2 O͒ n=3-5 ͔ depending on the electric field strength. We describe how the electric field breaks the hydrogen bond network of the cyclic water clusters and align their dipole moments along the direction of the field, thus forming the water wire.
II. CALCULATION METHODS
We employed the hybrid density functional theory of Becke's three parameters with the Lee-Yang-Parr correlation functional ͑B3LYP͒ to optimize the structures, and the second-order Møller-plesset perturbation theory ͑MP2͒ to obtain the single point energy of the optimized structures. The basis sets used are the 6-311+ + G ** basis set for B3LYP with the ultrafine integration grid and the Dunning's aug-ccpVDZ basis set for MP2 calculations. All computations were carried out with the GAUSSIAN03 program suite. 6 The figures were drawn using the Pohang sci-tech molecular modeling ͑POSMOL͒.
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III. RESULTS
A. Structures
We used two kinds of structures as the initial geometries of water clusters. One is the cyclic or ring structure which is known to be the most stable for n =3-5, 8 wherein the hydrogen bonding orientations are unidirectional, and the other is the linear structure which has one less H bond than the former, as shown in Fig. 1 . Each water molecule has one dangling hydrogen ͑H d ͒ which does not participate in the H bond. In this work, we optimized the geometries of water clusters in the presence of a varying external electric field ͑EF͒ which ranges from 0 to 0.010/ 0.014/ 0.016 a.u. for n =3/4/5, at intervals of 0.002 a.u. ͑0.001 a.u. = 0.051 42 V / Å͒. 9 We imposed an EF along the directions perpendicular to the ring ͑Z͒, parallel to the ring ͑P͒ for the ring structure, and parallel to the longitudinal structure ͑L͒ for the linear structure, as shown in Fig. 2 . Because the dipole moments for n = 3 and 5 are nearly along the same directions with the Z direction at the initial geometries ͑while the dipole moment for n = 4 is zero͒, the Z direction can be considered as the direction of the dipole moment. Along the direction of the EF perpendicular to the ring, i.e., the Z direction, H d atoms do not orient toward the Z direction for the ring structure in the absence of an EF. However, with an increasing EF, the orientations of H d atoms change gradually. Above the threshold of the EF ͑EF H d ͒, the H d atoms orient along the direction with the EF, as shown in Fig. 3 . The values of EF H d are 0.002, 0.004, and 0.004 a.u. for n =3-5, respectively. As the EF increases, the average H-bond distance gradually increases. Especially around the EF H d range, the average H-bond distance increases much more than in other ranges.
In the presence of an EF along the longitudinal direction ͑L͒ of the linear structures, Fig. 4 shows no significant change in geometry depending on the EF. On the other hand, the average H-bond distance gradually decreases as the EF increases, in contrast to the case of the Z direction.
Along the direction of the EF parallel to the ring, i.e., the P direction, one of the H bonds Figure 6 shows the variations of the relative energies of the clusters according to the varying external EF. Figure 7 shows the dipole moments of clusters as a function of the varying external EF. For all the cases, the energies decrease and the dipole moments increase as the EF increases. Table I shows the average H-bond distances for the cases of the Z and L directions of the EF.
B. Energy, dipole moments, and average H-bond distances
In the case of the Z direction of the EF, the dipole moment of the cluster abruptly increases as the H d 's orient along the EF for EFϾ EF H d . The relative energy of the cluster gradually decreases. As the EF increases, water molecules are more polarized along the direction of the EF, and so the charge polarization along the H-bond direction weakens, and the interaction between the dipole moment of water and the external EF becomes more important than the interaction between the dipole moments of the waters themselves. This results in the weakening of the H bonds and the increase of the average H-bond distance.
In the case of the L direction, the relative energy linearly and rapidly decreases and the dipole moment linearly increases with the increasing EF. The charge polarization to the 
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direction of the H bonds can be enhanced by increasing the EF because the orientation of the H bonds is almost along the direction of the external EF. Consequently, the H bonds are strengthened, resulting in the reduction of the average H bond distance. As the number of water molecules increases, the relay effect of H bonds 10 increases with an increased polarization. Therefore, the average H-bond distance decreases.
In the case of the P direction, the relative energy of the cluster abruptly decreases and the dipole moment abruptly increases around the EF open for n =3-5. This corresponds to the ring opening of the cyclic cluster. For EFϾ EF open , the relative energies of both the cases of the P and L directions become nearly the same to each other, as the structures for both cases become nearly the same.
For a weak EF, the ring structures along the Z direction of the EF are most stable. However, as the EF increases ͑i.e., when EFϾ EF open ͒, the ring structures open up and are transformed to the linear structure along the L direction of the EF. This is in agreement with the result of Dykstra in which the linear water trimer was the most stable for the EF of 0.006 a.u. based on the dipolar interactions with the field and mutual polarization of water molecules. 
C. Transition state
As the EF increases, the lowest energy ring structure along the Z direction of the EF transforms to the linear structure along the L direction of the EF. The EF corresponding to the transition state for this conformational change is defined as EF TS . The EF TS values for n =3-5 are around 0.006, 0.008, and 0.006 a.u., respectively. Therefore, the linear structure becomes energetically more favorable than the ring structure when EFϾ EF TS . Figure 8 shows the pathway of transition from the ring structure to the linear structure. The transition energies for n =3-5 are 8.5, 5.14, and 5.39 kcal/ mol, respectively.
IV. CONCLUDING REMARKS
The ring structures of the water clusters which have one more hydrogen bond than the corresponding linear structures have the lowest energies in the absence of an external electric field and in the presence of a weak field. However, the linear structures come to have lower energies above the threshold value of the external electric field. This is because the enhanced dipole moments of the linear structures due to the strong polarization by the H-bond relay effect are aligned well with the electric field, so that they interact with the external electric field very strongly. Consequently, the ring structures open up and the water molecules line up to form linear structures above the threshold value of the electric field ͑ϾEF open ͒. It would be interesting, though challenging, to study the effect of the electric field on the water hexamer which has many isomers of the onset point of threedimensional ͑3D͒ formation of the water clusters that has more hydrogen bonding than the cyclic structures. 11 We hope that these results would be important in the experimental investigation of the structural changes of water clusters depending on the applied electric field and could be useful to understand the effect of electric field on biological systems which contain water clusters and water films.
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